Abstract: This study proposes a framework for estimating pollutant flux in an estuary. An efficient method is applied to estimate the flux of pollutants in an estuary. A gauging station network in the Danshui River estuary is established to measure the data of water quality and discharge based on the efficient method. A boat mounted with an acoustic Doppler profiler (ADP) traverses the river along a preselected path that is normal to the streamflow to measure the velocities, water depths and water quality for calculating pollutant flux. To know the characteristics of the estuary and to provide the basis for the pollutant flux estimation model, data of complete tidal cycles is collected. The discharge estimation model applies the maximum velocity and water level to estimate mean velocity and cross-sectional area, respectively. Thus, the pollutant flux of the estuary can be easily computed as the product of the mean velocity, cross-sectional area and pollutant concentration. The good agreement between the observed and estimated pollutant flux of the Danshui River estuary shows that the pollutant measured by the conventional and the efficient methods are not fundamentally different. The proposed method is cost-effective
the relationship between the mean and maximum velocities and, then, associating the cross-sectional area with stages. Pollutant flux will be a function of cross-sectional area, cross-sectional mean velocity and pollutant concentration.
Methodology
The action of tides and tidal currents complicate estuarine processes. The water levels and flow conditions in estuaries vary temporally, and the back-and forth flow of tidal currents is the most visible feature. Therefore, the establishment of the long-term monitoring of pollutant flux in tidally-affected locations requires prompt measurement of a small amount of information and also a reliable model for accurately estimating pollutant flux from these inputs. This study applies the probabilistic velocity distribution equation for such a purpose. Pollutant concentration, stage and velocity distribution are measured directly in the field. Stage is calibrated to determine the cross-sectional area. Maximum velocity calculated from the velocity distribution is calibrated to determine the cross-sectional averaged velocity. The pollutant flux can be estimated as:
where F est is estimated pollutant flux (g/s), C is the mean pollutant concentration of the cross-section (mg/L), Q est is estimated discharge (m 3 /s), is the estimated mean velocity of the cross-section (m/s) and A est is the estimated cross-sectional area (m 2 ). In the following sections, the estimation of and A est associated with the observed parameters is provided.
Estimation of Cross-Sectional Mean Velocity
Chiu and Chiou [17] transformed the y -z coordinate system into the ξ − η coordinate system to describe the velocity distribution by a set of isovels (ξ), which allows the relation of velocity and ξ to be one-to-one. Thus, the points on an isovel have the same velocity. Chiu utilized the ξ − η coordinate system on the derivation of probabilistic velocity distribution equation [18] as:
where u is the velocity (m/s), u max is the maximum velocity of the cross-section (m/s), ξ is the coordinate used in a velocity distribution equation, ξ max is the value of ξ when u is the maximum velocity and M is the entropy parameter. The set of isovels ξ along the y-axis, which is the vertical section with maximum velocity in the cross-section, is:
where D is the water depth (m) and h is the location of the maximum velocity (m). When h is less or equal to zero, the maximum velocity occurs on the water surface, and then, Equation (2) becomes:
, the maximum velocity occurs under the water surface h, and Equation (2) can be written as:
Therefore, Equations (4) or Equation (5) can be used to determine the maximum velocity by applying a nonlinear regression method with the observed velocity distribution.
Based upon maximizing information entropy, the method of Lagrange multipliers is applied to yield:
where obs u is the observed cross-sectional mean velocity (m), which can be obtained as:
where Q obs and A obs are the observed discharge (m 3 /s) and cross-sectional area (m 2 ). This mean and maximum relation has been implemented in several areas, such as the United States [19] , Italy [20] , Algeria [21] and Taiwan [22] , to estimate discharge in non-tidal effect streams. If the variation of natural channels is small, then the ratio of mean velocity to its maximum should be a constant [23] . Once the parameter Φ is calibrated, the cross-sectional mean velocity can be easily determined based on Equation (6) with the cross-sectional maximum velocity.
Estimation of Cross-Sectional Area
The conventional approach to measure the cross-sectional area is first to divide the cross-section into several subsections and then to measure the area of each subsection. The cross-sectional area is equal to the sum of subsection areas. This approach is time-consuming. Estimating discharge in estuaries requires a fast and reliable method to determine the cross-sectional area. For a cross-section where the stream is not affected by scours and deposits, the cross-sectional area can be estimated by the stage-area relation, which was well demonstrated in the Danshui River [24] , as:
where A obs is the observed cross-sectional area (m 2 ), G is the water level (m) and a, b and d are coefficients that can be obtained by the method of nonlinear regression with the observed data. Once the parameters are determined, the cross-sectional area can be quickly calculated by Equation (8) with the water level.
Estimation of Pollutant Flux in Estuaries
The estimation of estuarine pollutant flux is fulfilled through the following steps. First, u max is calculated along the y-axis, and then, the mean velocity ( ) is determined via the relation of mean and maximum velocities, as = Φ . Then, the cross-sectional area from the stage-cross-section relation is estimated, as
. Finally, pollutant flux is a function of pollutant concentration, area and velocity, and Equation (1) can be rewritten as:
Once all of the parameters are determined, the estimation of estuarine pollutant flux becomes easy, since only the required measurements would be pollutant concentrations, stage and velocity distribution along the y-axis that enable the estimation of pollutant concentration, cross-sectional area and maximum velocity.
Pollutant Flux Measurement Method
Three water samples are collected in a cross-section for determining the pollutant concentration. The sampling locations are at the 0.25, 0.5 and 0.75 channel width from the bottom and on the water surface. Therefore,
where C l , C c and C r are the pollutant concentrations (mg/L) of surface water at the 0.25, 0.5 and 0.75 channel width from the bank. The water quality data included temperature (°C), pH (hydrogen ion concentration), electrical conductivity (µmho/cm), DO (dissolved oxygen, mg/L), BOD 5 (the biochemical oxygen demand in 5 days, mg/L), NH 3 -N (mg/L), chloride (mg/L), coliform group density (CFU/100 mL) and SS (suspended solids, mg/L). Once the samples are collected, they are sent to the laboratory of Société Générale de Surveillance (SGS) in Taipei. SGS follows the test methods of the Taiwan Environment Protection Agency to obtain the concentrations of pollutants. ADP, which has been successfully demonstrated to measure discharge, is applied to collect velocity and bathymetric data. It applies the Doppler shift principle to measure velocity profiles from near the water surface to the channel bed. Not requiring the use of long strings of current meters and measuring velocity distribution in a very short time are the advantages of ADP. When conducting measurement, the transducer emits a fixed frequency sonic wave into water; as the wave hits the suspended particles in water, a frequency shift is produced due to the Doppler effect, and the echo is bounced back to the ADP, while the particle size variation also affects the intensity of the returning wave. From the property differences of emitting and returned waves, the bathymetry can be calculated; the measurement of the flow velocities can also be used to determine the profile of average flow velocity [25] . With differential global positioning system (DGPS) integration [26] , the position and velocity of a vessel can be monitored to increase the accuracy of discharge measurements.
Due to the characteristics of the gauging stations, the ADPs with frequencies at 1.5 MHz and 3 MHz are used in this study. As shown in Figure 1 , the vessel-mounted downward-looking ADP was used to collect the moving-boat discharge measurements. This system enables the researchers to monitor in real time the velocity and bathymetry through the laptop connected to the instruments. The vessel traverses the river along the cross-section of the gauging stations normal to the streamflow to measure discharge through continuously observing velocity, depth and position, as shown in Figure 1 . This improves the spatial resolution of measurements and the ability to measure and quantify the pollutant flux in estuaries. Discharge can be decomposed into small discharge contributions throughout the cross-section. Via the velocity-principle method [27] , the observed pollutant flux (F obs ) is calculated as:
where v i and A i are the velocity and area of the grid i., respectively. The gauge height of each gauging station is also automatically collected by the radar water level gauge.
Study Site
The Danshui River, stretching 159 km and draining a 2726-km 2 basin into the Taiwan Strait, is the largest estuarine system in Taiwan (see Figure 2) . It flows across the Taipei metropolitan area, which has the highest population concentration in Taiwan, and is its political, economic and cultural center. Taipei is located in a low-lying basin, however, making it very susceptible to flooding; to prevent this, a flood prevention engineering project was initiated. After 1970, both raw sewage and industrial pollution from the illegal industries of the Taipei metropolitan area are discharged into the Danshui River, turning it into a heavily polluted system [28] . The restoration of the Danshui River is proposed. The goal of the project is to clean water and it includes the construction of sewer systems and wetland systems. The main stream is formed by merging three main tributaries: Dahan River, Xindian River and Keelung River; the first two with a north-south orientation converge and become the Danshui River, while the Keelung River merges in at Guando. Then, the Danshui River flows into Taiwan Strait. The main stream of the Danshui River is tidally influenced along its entire length, and parts of the tributaries are also strongly dominated by the principal lunar semidiurnal constituent (M 2 tide) [29] . General studies in Taiwan indicate that the tidal stream of the Danshui River Basin can be traced back to the Keelung River at Wudu, the Dahan River at the Fuzhoa Bridge and the Xindian River at the Xiulang Bridge. To evaluate the performance of restoration, four gauging stations are established to study the variations of pollutant flux in the Danshui River Estuary. The data are observed continuously for thirteen hours in order to construct a model of pollutant flux estimation. As shown in Figure 2 , the stations adopted in this study include the Danshui River at the Guando Bridge, the Dahan River at the Xinhai Bridge, the Xindian River at the Huazhong Bridge and the Keelung River at the Keelung Confluence. These four gauging stations provide the data that cover the pollutant flux variation in all segments of the Danshui River Estuary and, thus, form a restoration monitoring network of the tidal zone. The choice of four gauging stations is based on the stability of the channel bed, which would provide consistent measurements, as it does not vary significantly due to hydraulic factors, such as tides, storms and floods. With this consideration, the following analysis of pollution concentration, water levels, velocity and cross-sectional area and the relationship determined would have better precision and higher reliability.
Field Measurements
To enhance the understanding of the tidal effect on the pollutant flux in the Danshui River Estuary, a series of detailed pollutant flux measurements was made at the gauging station network from The periodic tidal phenomena strongly affect the estuarine flow rates and stage levels. The flood discharge usually increases during flood tide and then decreases until slack water occurs about two hours after the high water level. Then, the discharge falls as the tide ebbs and the current again reaches a maximum. Approximately four hours after low water level, there is again slack water, with generally a high and low slack tide each tidal cycle. The pollutant concentrations measured simultaneously are shown in Figure 3 
Results
The observed data is separated into a calibration subset and a validation subset. The calibration subset, the first nine datasets (24 September 2009 -24 February 2010 , is used to determine the parameters of the method of pollutant flux estimation. The validation set, the data collected on 18 March 2010, 20 April 2010, and 4 May 2010, are applied to show the performance of this method. Thus, the validation subset data are not used to derive and determine the parameters of the method.
The velocity used for calculating the discharge that can be used to plot the isovels in the cross-section reveals the location of maximum velocity. The y-axis (Z y ), which is the vertical maximum velocity that occurs, is very stable and invariant with time, discharge and gauge height if the channel bed does not change drastically. A slight shift of the y-axis will not have much effect on the maximum velocity [9] . Therefore, u max can be calculated based on the velocity distribution at the mean location of the y-axis ( ). The results obtained at different discharges and water levels indicate that of the Xinhai Bridge, whose channel width is about 520 m, is 61.90 m from the left bank with a standard deviation of 12.02 m. This and other similar results from the other gauging stations show that does not have a trend varying with time and discharge, although they show some fluctuations around the mean. This demonstrates the stability of the y-axis, even under the different flow conditions of the gauging stations. Thus, u max can be estimated at for each of the four gauging stations. To estimate the maximum velocity, the vertical velocity distribution sampled on can be used. Based on the detailed velocity distribution, u max can be determined along with M and h by nonlinear regression using Equation (4) or Equation (5). Based on the data of the calibration subset, Figure 4 presents the relations between the mean and maximum velocities with a large correlation coefficient (close to one) at the four gauging stations. The positive and negative velocities in Figure 4 
The relationship between the water level and cross-sectional area for each gauging station is shown in Figure 5 . At Xinhai Bridge, Huazhong Bridge, Keelung Confluence and Guando Bridge, the cross-sectional area can be determined as 175.61(G + 2.54) 1.02 , 37.91(G -0.66) 1.52 , 167(G + 2.77) 0.89 and 28.39(G + 4.88) 1.92 , respectively. It can be seen that the rating curves are very close to the scatter data. No significant deviation is observed. The results show that the stage-area rating curve is robust in estimation. The performance of the proposed method can be evaluated by a comparison of observed and estimated pollutant fluxes at various locations in the Danshui River Estuary. The accuracy obtained is better visualized by Figure 6 , which displays scatters plots of estimated and observed values. All points fall fairly close to the agreement line, and the value of r 2 is 0.99 during calibration and validation phases. The accuracy can be quantified by the good performance of mean velocities estimated by maximum velocities and cross-sectional areas estimated by water levels. Table 2 also lists the square of the correlation coefficients (R-square, r 2 ) and the root mean squared errors (RMSEs) of the methods used in this study. The units in Table 2 
Conclusions
Reliably measured pollutant flux is invaluable to know the characteristics of the hydrodynamic processes and the fate and transport of pollutants in an estuary, to provide the basis for theoretical analysis and numerical modeling. Estuaries have complicated flow conditions due to the tidal effects. Due to budget, time and technological constraints, the pollutant flux data in an estuary are rarely sufficient. To overcome such constraints, a method that can estimate pollutant flux in a fast, yet simple, fashion within the tidal zones is thus needed.
The method of pollutant flux estimation modelling in estuaries can solve the problem through the following steps: first, estimating the mean pollutant concentration of the cross-section; second, to determine the mean velocity using a probabilistic velocity distribution equation; third, to estimate the cross-sectional area using the water level. Once the coefficients for the formula in the method are determined, only few data are needed to be collected to estimate the pollutant flux of estuaries. Therefore, with the proposed method, the long-term and real-time monitoring of pollutant flux in estuaries can be achieved through the installation of instruments at carefully chosen study sites.
This research studied the Danshui River estuary and established a monitoring network for the pollutant flux with state-of-the-art instruments to construct the pollutant flux estimation method. The data collected are also used to verify the applicability of the proposed method. The results demonstrate that the efficient method is able to estimate the pollutant flux in a fast, accurate and reliable fashion for the estuaries. This method furthermore reduces the time needed to conduct the pollutant flux measurement, as well as the quantity of human labor, material and risks for such a task.
